).
Purpose:
To compare the occurrence of several central sulcus variants and to assess the reproducibility of a sulcal pattern named the power button sign (PBS) in patients with type 2 focal cortical dysplasia (FCD2) and healthy control subjects.
Materials and Methods:
The local institutional review board approved the study, and written informed consent was waived for patients and was obtained from control subjects. Four readers reviewed three-dimensional (3D) T1-weighted magnetic resonance (MR) images in 37 patients (13 with negative MR imaging findings) with histologically proven FCD2 of the central region and 44 control subjects on the basis of a visual analysis of a 3D reconstruction of cortical folds. They searched for central sulcus variations (interruptions, side branches, and connections) and for a particular sulcal pattern, namely, the interposition of a precentral sulcal segment between the central sulcus and one of its hookshaped anterior ascending branches (ie, PBS). Inter-and intraobserver reliability, specificity, and sensitivity were calculated.
Results:
The central sulcus showed a greater number of side branches (P , .001) and was more frequently connected to the precentral sulcus (P , .001) in patients with FCD2 than in control subjects. The PBS was found in 23 (62%) of 37 total patients with FCD2, in six (46%) of 13 with negative MR imaging findings, and in only one control subject. Inter-and intraobserver rates were excellent (0.88 and 0.93, respectively) for the detection of PBS. FCD2 was located either in the depth of the ascending branch of the central sulcus (14 of 23, 61%) or in its immediate vicinity (nine of 23).
Conclusion:
Given its excellent reproducibility and specificity, the PBS, when present, could become a useful qualitative diagnostic MR criterion of FCD2 in the central region.
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Advances in Knowledge
n In patients with type 2 focal cortical dysplasia (FCD2), the central sulcus differed significantly from that in control subjects, with more side branches (P , .001) and connections with the precentral sulcus (P , .001) and sylvian fissure (P = .01).
n The newly described power button sign (PBS) is a specific (99%) sulcal pattern associated with FCD2.
n This MR pattern is present in 62% of patients with FCD2 and, particularly, in 46% of patients without any other MR sign of FCD2.
n When visible, the PBS is on the same sulcus as the lesion (61%) or in its immediate vicinity (39%) and, thus, may help with localization of FCD2.
Implications for Patient Care
n Three-dimensional reformatted images should be obtained in patients referred for partial intractable epilepsy to look for an abnormal sulcal pattern, particularly the PBS.
n When present, PBS confirms the presence of FCD2 and allows diagnosis in 46% of patients with otherwise negative MR imaging findings.
n The PBS can serve as a guide to the site of FCD2.
T ype 2 focal cortical dysplasia (FCD) (FCD2) is one of the most common causes of extratemporal drug-resistant partial epilepsy that is surgically curable. Because excision of the dysplastic cortex directly influences postoperative outcome (1-4), detection of FCD has become one of the most challenging aims of the presurgical work-up. Owing to improved image quality, magnetic resonance (MR) imaging has contributed to the steady increase in presurgical detection of FCD2. However, even with dedicated protocols, diagnosis with MR imaging remains difficult, with up to 30%-40% of FCD2 cases either undetected or diagnosed late (5) (6) (7) (8) , even with 3-T MR units (9) . One of the most robust signs of FCD2 is the transmantle sign, which spreads along the axis of the abnormal sulcus and runs perpendicular to the wall of the lateral ventricle along the path of migrating neuroblasts. This substantiates the developmental origin of FCD2 and is consistent with a disruption of the early stages of embryogenesis (10) . In line with this hypothesis, FCD2 is associated with abnormal gyral and sulcal morphologic features. These include deep and enlarged sulcus, gyral simplification, and unusual angulation or shape of a sulcus (7, 8, (11) (12) (13) in the vicinity of the FCD. Furthermore, small FCD lesions are preferentially located at the bottom of abnormally deep sulci (14) and their detection may benefit from an automated sulcal pattern recognition tool (15) .
Given that, in up to 40% of cases, FCD2 is located in the central region (1, 8, 16) , this area represents a challenge in surgery for FCD because of the risk of permanent postoperative neurologic deficit. While examining the brain surface of patients referred for MR imaging because of intractable seizures in the central region, we noticed the presence of unusual features of the central sulcus in close proximity to the FCD2, although at this stage, there was no tangible evidence of abnormality, just a variant of normal anatomy. This observation was recently reinforced with the use of three-dimensional (3D) reformatting of brain MR images with drawings of the sulci, which enabled us to describe a particular sulcal pattern of the central sulcus, namely, the interposition of a precentral sulcal segment between the central sulcus and a hookshaped anterior ascending branch. We named this pattern the power button sign (PBS) owing to its similarity to the shape of the power symbol on the button that turns an electronic device on or off (Fig 1) . We did not find this unusual sulcal pattern reported as a normal variant of the central sulcus in anatomic atlases (17, 18) or in MR imaging observations of the central region (19, 20) . Our objective was to compare the occurrence of several central sulcus variants that have been comprehensively described in healthy subjects in an anatomic atlas (18) , such as interruptions, the number of side branches, and connections with adjacent sulci, in patients with FCD2 and control subjects. We also aimed to assess the reproducibility of the PBS and to evaluate its occurrence in both groups.
Materials and Methods

Patients and Control Subjects
This study was found to conform to generally accepted scientific principles and ethical standards by the local Ethics Review Committee. The local institutional review board (Comité de Protection des Personnes Ile de France 3) approved the study, and written informed consent was waived for patients and was obtained from control subjects. Among 265 consecutive patients with intractable epilepsy who were referred to our institution for a presurgical work-up between January 2006 and September 2013, we retrospectively identified all patients who fulfilled the following three inclusion criteria: epilepsy of the central region, preoperative MR imaging with a 3D T1-weighted sequence in Digital Imaging and Communications in Medicine format, and histologic confirmation of FCD2 (ie, focal disorganization of the cortical cytoarchitecture and presence of giant dysmorphic neurons, associated or not associated with balloon cells). Thirtyseven patients fulfilled the criteria and were included in our study. The remaining 228 patients failed to meet one or more of the criteria (Fig 2) . In addition to MR imaging, presurgical evaluation included ictal video electroencephalography and fluorine 18 fluorodeoxyglucose positron emission tomography (PET) for all patients and stereo electroencephalography for 18 patients to enable lesion detection, particularly in patients with negative MR imaging findings. Twenty-five of the 37 patients described in this study had been included in a previously published study examining different scientific questions (9) . We distinguished negative from positive MR findings for FCD2 by using a previously published method (8) . Briefly, MR imaging was considered to be positive when at least one of the cardinal MR signs of FCD2 (ie, cortical thickening, blurring, cortical and/or subcortical signal changes, transmantle sign) was present. Patients were compared with a group of 44 right-handed control subjects.
MR Imaging Acquisition
Images were acquired by using a 1.5-T MR system (Signa 1.5T; GE Healthcare, Milwaukee, Wis) with an inversionrecovery 3D T1-weighted fast spoiled gradient-recalled acquisition (repetition time msec/echo time msec, 10/2; flip angle, 15°; matrix, 256 3 256; section thickness, 1.2 mm; no gap; in-plane resolution, 0.93 3 0.93 mm; acquisition time, 6 minutes 14 seconds).
Extraction of Cortical Folds
A sulcal graph was obtained by using a 3D surface-based reconstruction of cortical folds provided by software (Morphologist 2012 toolbox; BrainVisa, http://brainvisa.info), as previously described (21) . An automated preprocessing step skull stripped T1-weighted MR images and segmented the brain tissue into cerebrospinal fluid, gray matter, and white matter. The two hemispheres were then separated and reconstructed in 3D brain surfaces corresponding to the gray-white matter and gray matter-cerebrospinal fluid interfaces. The cortical folds were then automatically segmented throughout the cortex from the skeleton of the gray matter and cerebrospinal fluid mask, with the cortical folds corresponding to the crevasse bottoms of the landscape, the altitude of which was defined by signal intensity at MR imaging. This definition provides a stable and robust sulcal surface definition that is not affected by variations of the gray-white matter contrast (22) . The cortical folds were then converted to a graph-based representation of the cortex. Spatial normalization was not applied to the MR imaging data to overcome potential bias owing to the sulcus shape deformations induced by the warping process. Readers also looked for a PBS and recorded a binary (yes or no) assessment. This sign was defined as the interposition of a precentral segment between a branch arising from the central sulcus and the central sulcus itself (Fig 1) . To check for intraobserver reproducibility, one reader examined all images again 6 months later, with the images presented in a different randomized order than in the first session. After consensus reading, one reader checked all postoperative T1-weighted MR images and perioperative data to determine whether the FCD2 was located in the depth of the branch ascending from the central sulcus in patients harboring the PBS.
Image Analysis
Statistical Analysis
The occurrence of each sulcal criterion, including the PBS, was calculated separately for the left and right hemispheres. These results were compared between patients and control subjects and between the index (ipsilateral to the FCD2) and contralateral hemispheres by using a x 2 or Mann-Whitney test, as appropriate. For the PBS, we calculated sensitivity and specificity, with a true-positive finding defined as the presence of PBS in the index hemisphere and a true-negative finding defined as the absence of the sign in control subjects. We also computed the inter-and intraobserver concordance for each criterion by using the Fleiss k index. In a post hoc analysis, we tested the association between the presence of PBS and visually assessed cortical thickening at the site of the FCD2. A P value of less than .05 was considered to indicate a significant difference.
Results
The 37 patients (18 men, 19 women; 28 right handed, nine left handed) had a median age of 24 years (interquartile range, 19-32 years) at the time of surgery. The 44 control subjects (22 men, 22 women) had a median age of 26 years (interquartile range, 23-32 years). Patients did not differ from control subjects for age (P = .22) or sex (P = .89). FCD2 was unilateral (left central region, n = 19) and limited to a single lobe (35 frontal, two parietal) in all cases. Inter-and intraobserver agreement for detection of the PBS was 0.88 (95% confidence interval: 0.78, 0.98) and 0.93 (95% confidence interval: 0.84, 1.00), respectively. Interobserver agreement for interruptions, extension to the sylvian fissure, side branches, postcentral connection, and precentral connection was 1.00, 0.76, 0.75, 0.81, and 0.85, respectively.
Patients with FCD2 did not differ from control subjects for interruptions (P = .12) or connection with the postcentral sulcus (P = .76) (Fig 3) . Interestingly, the central sulcus ipsilateral to the FCD2 had significantly more side branches (patient mean, 2.05; control subject mean, 1.12; P , .001) and was more frequently connected to the precentral sulcus (P , .001) or to the sylvian fissure (P = .01) in patients than in control subjects. However, the frequency of occurrence for the five criteria derived from Ono et al (18) did not significantly differ between the index and contralateral hemispheres of patients.
The PBS was observed in one of the 44 control subjects (88 hemispheres), whereas it was observed in 23 of the 37 patients, corresponding to a specificity of 99% (87 of 88) and a sensitivity of 62% for the detection of patients with FCD2 (Fig 4) . The PBS was bilateral in two patients. When PBS was seen unilaterally (n = 21), it was always located in the hemisphere ipsilateral to the FCD2. Of the 23 patients with a PBS, 17 (74%) had a positive MR imaging finding for it, and six had a negative MR imaging finding for it by using standard FCD2 criteria. In patients with a negative MR finding, 46% (six of 13) showed the PBS. PBS was present in left-handed patients (five of nine; 56%) in a proportion similar to that in right-handed patients (18 of 28, 64%) (P = .8). Similarly, PBS was present in patients with cortical thickening (12 of 16, 75%) in a proportion similar to that in patients without cortical thickening (11 of 21, 52%) (P = .15). Patients with PBS did not differ from patients without PBS in terms of either age at epilepsy onset or duration from onset to surgery.
A comparison of PBS location with perioperative data, histologic examination, and postoperative MR imaging revealed that FCD2 was located precisely in the depth of the hook-shaped anterior branch ascending from the central sulcus (Fig 5) in 14 (61%) of the 23 patients with a PBS. In the other nine, FCD2 was located in its immediate vicinity.
Discussion
In this retrospective case-control study of consecutive patients with FCD2 located in the central region, we describe a sulcal pattern associated with FCD2 in this region. The absence of this sign in the control group confers excellent specificity. The PBS, which enriches the MR semiology of FCD2, may increase diagnostic confidence when other cardinal MR criteria are visible or, more important, when these are lacking or doubtful. Finally, the PBS can also serve as a guide to the site of FCD2. Taken together, these results are clinically relevant because negative or ambiguous MR imaging findings can lead to precluding patients from being referred for surgery, although such patients are increasingly considered as potential candidates (7, 23) .
By using 3D visualization, we first showed that some anatomic variants of the central sulcus were more frequently seen in patients with FCD2 than in control subjects. Known anatomic variants of the central sulcus are based on visual inspection of twodimensional MR images and on postmortem examination of brains. For instance, the atlas by Ono et al (18) provides a comprehensive analysis of all possible sulcal patterns of the central sulcus in 25 healthy subjects. We focused our analysis on five anatomic variants described by Ono et al. Among these, side branches, connection with the precentral sulcus, and extension to the sylvian fissure were seen more frequently in patients with FCD2 than in control subjects. The process of sulcation relies on multiple factors during the fetal period and may include tension between axons connecting different cortical areas (24) . In addition, the link between sulcation and connectivity is supported by experimental data: Alteration of the geniculocortical connections during early embryogenesis stages in monkeys led to a reduction of the surface of the visual cortex and an increased number of sulci replacing the normal smooth cortical surface (25) . In FCD, reduced connectivity between the lesion and underlying white matter is supported by decreased fractional anisotropy, increased mean diffusivity, and, more recently reported, a reduced intracellular volume fraction based on advanced diffusion techniques (26) . Accordingly, the increased sulcation that we, in line with others (14) , found in the central region in patients with FCD2 could result from a disruption of early corticogenesis, inducing reduced white matter connectivity with a subsequent effect on cortical folding. Early disruption during cortical development is also expected to produce widespread sulcal abnormalities. This could explain the unexpectedly high frequency of sulcal variations in the hemisphere contralateral to the FCD2. It may also account for the bilateral occurrence of the PBS in two of our patients with FCD2.
The results concerning the PBS are undoubtedly the most clinically pertinent in our study. In the literature, reports of sulcal abnormalities in patients with FCD are scarce (27) , and the descriptions are often equivocal. Aberrant sulcal features reported in FCD2 relied on quantitative markers, such as alteration in the width, length, depth, and size of the sulcus (11,12,14,27,28) . In one report top to bottom, a 24-year-old man, a 19-year-old woman, and a 32-year-old man and negative MR imaging findings (right column) in, from top to bottom, an 11-year-old male child, a 42-year-old man, and a 17-year-old male child, compared with control subjects (left column) in, from top to bottom, a 20-year-old woman, a 29-year-old man, and a 19-year-old woman. Note that control subjects may show a small branch in the precentral gyrus (second row) or an ascending connection with the precentral sulcus (third row). In the absence of the interposition of a precentral segment, these variations are not considered to be the PBS. Red = central sulcus and its branches, green = other sulci.
(15), a sulcus-based analysis automatically identified subclinical abnormal sulcal patterns in the epileptic zone for nine of 12 patients with MR imaging-negative extratemporal intractable epilepsy. We have shown here that sulcal changes can also be detected with the human eye in about twothirds of patients with FCD2 with high reproducibility. Interestingly, the PBS was seen in approximately half (six of 13) of the patients with MR-negative findings (ie, without any other signs suggesting FCD2), whereas previously reported (8) major unusual sulcal patterns were never isolated. In this study, the FCD2 was found precisely in the depth of the ascending branch of the central sulcus in 61% of patients with a PBS, in agreement with data in a study (14) in which researchers reported small FCD lesions to be found at the bottom of an abnormally deep sulcus. The PBS is unlikely to be an epiphenomenon caused by cortical modification induced by the lesion, given that it was observed equally in patients with and those without cortical thickening. This adds further weight to the argument that the PBS is specific to FCD2. Given its excellent specificity, the PBS, when present, could be used as a newer diagnostic MR criterion for FCD2 of the central region. Of note, before searching for the PBS, one should first identify the central sulcus on the basis of normal sulcal landmarks (eg, "hand knob" [20] , "pars bracket" [29] , and "shepherd's crook" sign) that are not modified by the FCD2 in the central region (30) .
Three-dimensional surface visualization is increasingly performed for detection of developmental lesions, but it is also used for planning the surgical approach to FCD2 and intraoperative guidance (31) . We used a postprocessing tool for 3D visualization of brain sulci that allowed for the identification of the PBS. Even though this tool is freely available and routinely exploitable, similar results might be obtained with commercial algorithms for 3D brain surface rendering, although we did not test them here. A possible alternative is curvilinear reformatting of 3D T1-weighted MR acquisition, which provides a comprehensive view of the central region on a single plane. This postprocessing tool is available on most workstations, has been evaluated for anatomic MR description of the central region (32) , and improves the detection of MR signal changes in subtle FCD (33) .
Our study had limitations. First, the excellent specificity we report should be interpreted with care, given that our control group consisted of healthy subjects. Consequently, we cannot be certain that the PBS would not be observed in epileptogenic lesions other than FCD2, particularly developmental lesions. However, lesions associated with epilepsy of the central regions (Fig 2) , such as infantile cerebral palsy, dysembryoplastic neuroepithelial tumors, and polymicrogyria, would be easily diagnosed by using standard diagnostic criteria. Second, all of our control subjects were right handed, whereas nine (24%) of the 37 patients were left handed. We cannot exclude the possibility that these handedness differences could partly explain the group differences we found, given that the shape of the central sulcus depends on handedness (34) . Nevertheless, the PBS was found in similar proportions in left-versus right-handed patients. Third, the cardinal signs of FCD2 were absent in 13 (35%) of the 37 patients by using 1.5-T MR imaging. This is probably explained by the fact that, in these patients, surgery was performed on the basis of a combination of fluorine 18 fluorodeoxyglucose PET and stereo electroencephalography. One might argue that the detection rate would have increased with the use of a higher magnetic field strength. This is unlikely, however, given that 3-T MR imaging only marginally increases the detection of FCD2 (9) . Nevertheless, we cannot extrapolate our results regarding abnormal sulcal patterns to 3-T images, because gray matter-cerebrospinal fluid interface segmentation can be affected by increased intensity inhomogeneity (bias field) at a higher magnetic field strength (35) . Finally, our study was limited to the central region, which accounts for fewer than one-half of the patients with FCD2. A similar method of sulcal analysis should also be tested in regions other than the central area.
In patients referred for intractable partial epilepsy, special attention should be given to 3D sulci analyses. We have described a newer qualitative MR imaging finding for the diagnosis of FCD2: the PBS. This sign was present in 46% of the patients with FCD2 who had negative MR imaging findings. Given its excellent reproducibility and specificity, the PBS, when present, could be used as a diagnostic MR criterion of FCD2 of the central region, if confirmed by the results of future studies. 
